We experimentally demonstrate that the transmission of a 1030 nm, 1.3 ps laser beam of 100 mJ energy through fog increases when its repetition rate increases to the kHz range. Due to the efficient energy deposition by the laser filaments in the air, a shockwave ejects the fog droplets from a substantial volume of the beam, at a moderate energy cost. This process opens prospects for applications requiring the transmission of laser beams through fogs and clouds. 
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I. INTRODUCTION
Lasers offer many actual or prospective applications at the atmospheric scale , including [1] , the remote delivery of high-intensity for surface ablation [2] [3] [4] [5] , free-space communications [6] [7] [8] , remote sensing [9] [10] [11] [12] [13] , or weather modulation [14] [15] [16] . In that purpose, efficient transmission of the beam through the atmosphere is essential, and cloud and fogs constitute obvious obstacles.
When the incident peak power of a laser pulse exceeds a critical power (P cr = 5 GW in air at 1030 nm), focusing and defocusing non-linearities including the laser-generated plasma and the saturation of the medium polarisability under strong-field illumination [17] [18] [19] result in a self-guided propagation regime: Filamentation [20] [21] [22] [23] .
Laser filaments have a diameter of 100 µm to 200 µm and are surrounded by a "photon bath" carrying most of the beam energy. This energy is able to re-create them after they have been blocked by an obstacle like a water drop [24] [25] [26] . However, since the photon bath undergoes elastic losses, the aerosols ultimately limit the filamentation length. Indeed, a filament cannot propagate without being fed by its photon bath [27] .
Laser filaments leave behind them a cylindric region where the air density is depleted [28] (a "density hole") with a lifetime of hundreds of microseconds [29] [30] [31] . In this work, we show that the associated shockwave "cleans" the atmosphere not only in the filament, but also a significant fraction of the photon bath.
This approach substantially differs from attempts to clear clouds and fogs in the 70's and '80s with high-energy CO 2 lasers, in which prohibitively high intensities and energies are needed to evaporate and shatter water drops (typically 10 kW/cm 2 continuous wave lasers [32] and 1-1000 MW/cm 2 pulsed lasers [33, 34] , respectively). Conversely, the energy of the shockwave can expell particles out of the beam, at a much lower energy cost.
By investigating the propagation of ultrashort (ps) laser pulses in the near-infrared through a dense fog, we show that the transmission increases with the repetition rate, i.e., with the average beam power. This increased transmission is due to the above-mentioned shockwave, expelling the particles from the central region of the beam, well beyond the volume of the filament itself. This thermo-mechanical effect is efficient beyond the filament volume and offers a prospect to improve laser beam transmission through fog and clouds. 
II. EXPERIMENTAL SETUP
As sketched in Figure 1 , the experiment consisted in propagating the beam of an ultrashort laser beam through a chamber filled with fog.
The laser system was an Yb:YAG thin disk laser (Dira, TRUMPF Scientific Lasers GmbH + Co. KG [35] ), delivering 1.3 ps pulses with 100 mJ energy at a wavelength of 1030 nm. The beam was slightly focused (f = 2 m). The repetition rate was varied between 100 and 1000 Hz, corresponding to average powers of 10 to 100 W. The peak power of 75 GW corresponds to 15 critical powers. As a result, typically 3-4 filaments of 50 cm length were observed on the screen. Considering that each of them carries an energy E fil = 5 mJ, 3 filaments carry 15 mJ, i.e, 15% of the total beam energy of 100 mJ. The fog was produced by a large volume droplet generator and introduced into a 40 cm long chamber. Leaks through the openings implied an interaction length of 50 cm between the laser beam and the fog. Alternatively, the fog at the exhaust of the generator was directly blown onto the laser beam, offering propagation through 6 cm of fog. In either case, the fog interacted with the most intense longitudinal section of the filament, i.e., where the plasma noise was strongest.
The fog droplet size distribution ( Figure 2 ) was measured by using an optical aerosol sizer (Grimm, model 1.109). We checked that the size distribution was homogeneous across the fog chamber, and cross-checked the typical size with direct imaging of the particles impacted on a glass surface. The mode of this size distribution is a eff = 5 µm, compatible with typical fog conditions in the atmosphere. In order to reach optical densities encountered in fogs on the meter-scale of the laboratory, the concentration of droplets was increased by a factor of typically 100 as compared with actual fogs. to be ejected also from the photon bath. This is made possible by the shockwave in the air associated to local heating [30] , due to the cumulative energy deposition [29] by the filaments in the air (typically 2% at 1 kHz [36] ).
III. RESULTS AND DISCUSSION
The heat deposited by filaments in conditions comparable to ours typically generates a depleted channel with a local pressure reduced to P ≈ 0.5 atm [28, 30] , implying that the corresponding air parcel doubles volume. As a consequence, we assumed that the shockwave sweeps a volume at least twice as large as that of the filaments, i.e., a cylinder of 100 µm radius for a filament radius of 70 µm. Based on the temporal evolution of the air density calculated by [28] , we considered an air radial expansion speed v air = 21 m/s for 0 µs ≤ t ≤ 1 µs and a collapse speed v air = −10 mm/s for 100 µs ≤ t ≤ 2 ms. Outside of these two time intervals, we consider that the air stays still. We solved the equation of motion of the droplets under aerodynamic drag [37] , assuming that they keep their spherical shape:
where ρ air is air density and C d = 0.47 is the drag coefficient for a sphere. We find that the shockwave has a net effect of ejecting the droplets of radius a = a eff = 5 µm at a speed of 
where N(t) is the number of particles in the considered volume, t is the time, and n drop is the drop concentration far from the filament (as supplied by the droplet generator). The advection speed v in of the incoming droplets is estimated to be 12 mm/s based on the droplet generator flow and chamber geometry. Note that the discrepancy with the experimental point at 800 Hz is due to a lower stability of the laser beam at this repetition rate, that limits the cumulative thermal effect. Although the size mode of actual fog is slightly lower (∼ 1 µm), one can expect that our results can be extended at least to atmospheric ranges in a dense fog.
IV. CONCLUSION
As a conclusion, we investigated the transmission of a high-average power, high-repetition rate ultrashort laser beam through a dense fog. Due to the energy deposition in the air, a shockwave expels the fog droplets not only within the filament volume, but also from the photon bath. As a consequence, a drastically improved beam transmission is observed. This effect increases for higher repetition rates where the balance between the said expulsion and the advection of new background droplets favors more the former.
This work therefore opens prospects to improved laser beam transmission through fog, opening promising perspectives to point-to-point laser communication, remote sensing, or lightning control through clouds.
